Abstract Amounts of gold nanoclusters (GNCs) in multilayer assembly with polymer binding layers has been demonstrated to be controlled by pH and ionic strength of the polymer solution when GNCs covered with mercaptoundecanoic acid (MUA) were assembled on a solid substrate in a layer-by-layer (LBL) fashion utilizing terminal carboxylate groups as charged sites to electrostatically bind to protonated amine groups of poly(allylamine hydrochloride) (PAH), which was used as a binding layer. Formation of these GNC multilayers was followed by monitoring the electrochemical response of the ferrocene moiety attached to the GNC core, which acted as a redox probe. The apparent acid dissociation constant of MUA on the GNC surface estimated from correlation between the amount of adsorbed GNCs and pH of the PAH solutions was in good agreement with those previously reported. Facile charge transport within LBL multilayer assemblies formed under various pH and/or ionic strengths of polymer solution revealed an open porous film microstructure contributing to facile charge transfer by hopping through GNC sites as well as with the aid of electrolyte in pores in such architectures. This study provides significant fundamental basis for construction of highly charged complex structures containing redox groups and useful applications in catalysis and devices fabrication based on charge transfer.
Introduction.
Assembly of nanometer-sized particles into functionalized architectures has attracted much attention because of the development of the improved nanoparticle synthesis protocols and a better understanding of their fundamental physicochemical, optical, and electronic properties as well as a wide range of potential applications in nano-scale devices [1] . Similar to classical materials and devices, the most likely implementation of nanoparticles to be used in practical applications such as sensors and opto-and electronic-devices will be in the form of thin films deposited on suitable substrates. The formation of thin films of nanoparticles is often carried out by the so-called "bottom-up wet-chemical" approach, i.e., synthesis of nanoparticles with special functionalities in solution followed by immobilization on various substrates using suitable interactions [2, 3] .
Surface functionalization of inorganic nanoparticles has been accomplished during nanoparticle synthesis by adding suitable species such as organic molecules, dendrimers, and polymeric stabilizers to the reaction vessel. Colloidal routes for the synthesis of metal, e.g., Au and Ag, and semiconductor, e.g., CdS, nanoparticles bearing specific surface functionalities [4] [5] [6] are particularly attractive since surface modification can be easily achieved via covalent linkage with alkanethiol molecules having various functionalities. Such artificial molecular entities have recently been considered to be promising candidates as building blocks for nano-architectures in view of the potential applications [7] .
Various wet-chemical techniques have been employed to construct multilayers of nanoparticles with surface functionalities, utilizing bond formation between a sulfur atom of an alkanedithiol, a linker, and metal atoms of a substrate as well as of a nanocluster [6, [8] [9] [10] [11] , the Langmuir-Blodgett (LB) method [12, 13] , and electrostatic interaction between the anion and cation [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Among these, electrostatic layer-by-layer (LBL) assembly was demonstrated to be one of the most useful methods for preparing nanoparticle films with a certain degree of control over the 2D and 3D 3 film structures [20] [21] [22] [23] [24] . This method is based on an alternative adsorption of the oppositely charged polyelectrolyte and nanoparticle on solid surfaces from adsorbate solutions driven by electrostatic interactions and van der Walls force. The simplicity and versatility of the LBL method, as well as its ability of being readily amended to automation and integration with current technologies, make this technique useful for producing high quality and uniform films suitable for both fundamental and applied research. Multilayers of nanoparticles/polyelectrolytes prepared by the LBL method are robust, are permeable by solution and have low defect density, which are essential properties for many applications such as catalysis, sensing and high-density magnetic storage devices.
We have recently demonstrated the successful construction of multilayers of gold nanocluster (GNC), which were protected by mixed alkanethiol self-assembled monolayers (SAMs) containing an electrochemically active probe and a binding group, on a Au(111) surface using either copper ion or cationic polymer (poly(allylamine hydrochloride): PAH) binding layers based on the LBL principle [25] [26] [27] . GNC multilayers with thicknesses of 50-100 nm were constructed in these works and their facile formation was attributed primarily to electrostatic interactions between the carboxylate groups of MUA attached to the GNCs and amine groups of the PAH chains.
The multiple charged sites of the linear PAH chain segments provide strong adhesion to the oppositely charged GNCs, and the interpenetrated polymeric nature of the whole multilayers gave the films a high degree of stability. Electrochemical investigations revealed that electrons and ions were easily transported through these multilayers [25] [26] [27] [28] .
Another advantage of the LBL procedure is that the adsorption of nanoparticles can be controlled by tailoring the surface properties of the polyelectrolyte. For example, it was demonstrated that the surface property and density of ionic functional groups in weak polyelectrolyte multilayers were strongly influenced by adsorption parameters such as pH and ionic strength [21, [29] [30] [31] . The charge density of the surfaces can be 4 modified by adjusting the solution pH through the protonation-deprotonation equilibrium of the amines and carboxylates groups along the polymer chains and by the addition of salt (increasing ionic strength) to the polymer solution because the potential binding sites are blocked by partial binding of ions to the charged surfaces. Based on these understandings, the adsorption parameters should be used as "tuning knobs" to modify the degree of adhesion and packing density of charged particles on the polyelectrolyte film surface via shielding and secondary interactions.
Here we investigated in detail the effects of the adsorption parameters of LBL adsorbate solutions, pH and ionic strength, on the GNC adsorption density to provide a protocol of the ideal LBL approach for multilayer assembly of nanoparticles interlaced with polymer layers. Principles of the incorporation of charged GNC into LBL multilayers were clarified in this study. Charge transfer mechanism in these LBL multilayer assemblies formed in polymer solutions of various pH and/or ionic strengths were discussed. Novelties of the work are the tunable microstructures and their facile charge transport in these architectures. Controllable uptake of functional adsorbents and facile charge transfer in the assembly are essential to fabrication of sensor and device based on charged transport by considering the sensitivity and other properties. This work represents a very useful controlled test-bed for fundamental studies on incorporation of redox groups in highly charged film and paves a way to practical device and sensor applications based on charge transfer.
Experimental

Materials
Poly(allylamine hydrochloride) (PAH) (average Mw = 70,000) was purchased from Aldrich Chem. Co. Perchloric acid (ultrapure grade), sodium chloride and sulfuric acid (ultrapure grade) were obtained from Wako Pure Chemicals. All chemicals were used as received. Tin-doped indium oxide (ITO) thin film-coated glass was obtained from 5 Tokyo Kinoene Optics. Ultrapure water was obtained using a Milli-Q water purification system (Millipore), and ultrapure N 2 (99.999 %) was obtained from Air Water.
Preparation of GNCs covered with SAMs
GNC covered by mixed SAMs of hexanethiol (C 6 SH), ferrocenylhexanethiol (FcC 6 SH), and mercaptoundecanoic acid (MUA) used in this work was prepared by a combination of the modified Schiffrin's and the place-exchange methods. Briefly, a C 6 SH SAM-protected gold nanocluster was prepared by the two-phase synthesizing method reported by Brust et al. [4] . Then FcC 6 SH and MUA were introduced sequentially onto the surface of C 6 SH SAM-protected GNC by the place-exchange method [32] . The preparation of the GNC was described in detail in our earlier reports [25] [26] [27] [28] . The resultant GNC has a core diameter of 1.8 ± 0.4 nm, which was determined 
LBL growth of GNC multilayers
A multilayer of MHF-GNC was constructed on an ITO substrate with an apparent surface area of 1 cm 2 based on carboxylate/polycation electrostatic interaction. The Both PAH and GNC were found to be adsorbed quickly and the dipping period was 10 min in each solution, which was determined from the time when the charge due to the ferrocene redox in the cyclic voltammogram (CV) of the multilayers became constant.
Because the addition of salt and acid/basic solution may lower the solubility of GNCs covered with SAMs, leading to aggregation and/or precipitation of GNCs, due to the charge shielding effect, adjustment of pH and ionic strength was carried out only in the PAH solution. Multilayers of GNC were constructed on ITO surfaces by systematically varying the pH of PAH dipping solution from 2.5 to 8.0. The pH of the polymer solution was adjusted to the desired value by adding 0.2 M NaOH and HCl solutions, and ionic strength of the PAH solution was modulated by adding NaCl. To study the effect of pH on the GNC growth, a fixed amount of NaCl (0.5 M) was added to the PAH solution to keep the ionic strength constant, which should effectively eliminate the interference of the salt effect caused by the addition of a base and acid used to adjust the solution pH. For the salt concentration-dependent GNC deposition experiment, the pH of the polymer solution was controlled to be ca. 6. After each deposition cycle (two dipping and rinsing steps) had been completed, the ITO substrate was dried by blowing ultrapure nitrogen and electrochemical measurement was carried out.
Characterization
Cyclic voltammograms (CVs) were obtained in a 0.1 M HClO 4 aqueous solution, which was thoroughly deaerated by passing ultrapure nitrogen gas through it for more than 30 min before each measurement using an HSV-100 automatic polarization system (Hokuto Denko). A Pt wire and a Ag/AgCl electrode were used as a counter and a reference electrode, respectively. The pH dependence of the amounts of polymers in alternate-layered films, which are composed of polycations, e.g., protonated amines, and polyanions, e.g., carboxylates, has been described as "titration" of one polyelectrolyte by the other based on the protonation-deprotonation equilibrium [29] [30] [31] . A similar picture should apply to the GNC/PAH films described in this paper, and the multilayer formation is expected to be 8 governed by the acid-base chemistry at the interface through tuning of the pH of PAH solution during the LBL growth. Since PAH is a polyelectrolyte of weak base, the pKa of which is 9 -11 in an aqueous solution [33] , the PAH chains were fully ionized with positive charge in all of the PAH solutions used in this study, the pH values of which were between 2.5 and 8.0. On the other hand, the charge of the SAM-covered GNC at the PAH-covered ITO substrate should depend on the pH of the PAH solution used for the multilayer formation because pKa of MUA was around 6 [34] [35] [36] .
Results and Discussion
Effect of pH on the LBL growth of GNC/PAH multilayers
When a PAH layer was deposited on an MUA-covered ITO substrate from a PAH solution with pH between 2.5 and 8.0, fully charged polymer chains should be deposited on the ITO surface. When the ITO surface with a PAH layer was exposed to the GNC solution, the acid/base property should be retained at the interface [19] and the state of protonation of the incoming GNCs at the interface was controlled by the acid/base property of the ITO surface because no attempt was made to buffer the GNC dipping solution. Thus, when the GNC/PAH multilayers were formed at low pH such as 2.5, the retained interfacial acidity was not favorable for ionization of the MUA group on the incoming GNCs, resulting in GNCs having either completely neutral or very low negative surface charge. As a result, no or very weak electrostatic interaction was expected between the PAH-modified ITO surface and the GNCs, leading to a small amount of GNC adsorption on the PAH-modified ITO surface. In this particular case, hydrogen bonding might play an important role in the LBL multilayer formation. As the pH of PAH solution became higher, the retained interfacial acidity of the polymer layer became lower, resulting in more ionized carboxylate groups on the incoming GNC surfaces and stronger electrostatic interaction between the PAH-modified ITO surface and the GNCs, leading to adsorption of a larger amount of GNCs on the PAH-modified ITO surface. When the pH of PAH solution became high enough, all of the carboxylate groups on the incoming GNC surfaces were ionized and the electrostatic interaction between the PAH-modified ITO surface and the GNCs as well as the amount of the adsorbed GNCs on the PAH-modified ITO surface reached maximum, i.e., saturated, values. Thus, the shape of the curves in Fig. 2 and more accurately that of the curve in the inset of Fig. 3 should reflect the dissociation behavior of carboxylic acid of MUA on the GNCs. Thus, the apparent acid dissociation constant of MUA attached to the GNC surface, interfacial pKa, can be determined as the pH at half total charge change in the inset of Fig. 3, i. (Table 1 ) and anodic charge (Fig. 2) of the Fc redox peak, i.e., the amount of GNCs, of the GNC multilayers prepared in PAH solutions of various pH. The peak separation increased almost linearly with the charge but was hardly dependent on pH at a given charge. Fluctuations in data are likely due to the disordered architecture of the film driven by the nature of the self-assembly process. Thus, although the amount of deposited GNC was controlled by pH and number of deposition cycles, the peak separation was dependent only on the amount of deposited GNC. Since larger peak separation shows slower electron transfer kinetics, the progressive increase in peak separation with increase in the amount of deposited GNC/PAH layer suggests that the GNC/PAH multilayers formed on the ITO surface became denser and thicker, resulting in more kinetically hindered charge transfer through these films, as a larger amount of the GNC/PAH layers were deposited.
The constant peak separation at a given charge regardless of the pH of PAH solution
shows that the quality of the multilayer was not affected by the pH of PAH solution.
Information about the role of film structure on charge transfer within the film can also be obtained from the full width of half maximum (fwhm) of the Fc redox peak (denoted briefly as W 1/2 ) given in Table 1 . The peak was found to be gradually broadened with increase in the GNC/PAH deposition cycle at all pH values and the pH of the PAH solution. Observed increases in peak width in different multilayers suggest that Fc molecules likely reside in different microenvironments and also point to a disordered, inhomogeneous film structure. W 1/2 of the Fc redox peak varied in the range of 40-90 mV, which were much smaller than those in the Fc-functionalized dithiol-gold nanoparticle LBL films [24] , suggesting relatively strong attractive interaction between ferrocene groups [37, 38] .
Effect of ionic strength on the LBL growth of GNC/PAH multilayers
The effect of ionic strength on multilayer assembly of GNCs was examined using a PAH solution of pH=6. Well-defined redox peaks were observed at ca. 350 mV (vs.
Ag/AgCl) in all cases. Electrochemical parameters obtained from CVs are summarized in Table 2 . The peak separation was increased from ca. 20 mV (for N=1 at all salt concentrations) to 138 mV (N=10 at 2.0 M NaCl). Peak separation depended on both the deposition cycle and the ionic strength. The half-width of the Fc oxidation peak was less than 90 mV in almost all cases, implying a closely packed arrangement of GNCs in these multilayers as discussed before. Figure 5 shows the anodic charges of the Fc moiety in these GNC multilayers as a function of the deposition cycle. The charges increased almost linearly with increase in the number of deposition cycles up to 10 cycles in all cases, indicating uniform layer growth. The average amount of adsorbed GNCs at each deposition cycle at a given salt concentration of the PAH solution, i.e., the slope of linear relations in Figure 5 , was dependent on salt concentration as shown in Figure 6 . Multilayers with relatively small amounts of GNC adsorption were achieved in a salt-free PAH solution. The adsorption amount increased greatly with the addition of a small amount of NaCl and increased further but slightly with increase in salt concentration. It is interesting to note that multilayer films could be formed even if the NaCl concentration was as high as 2 M.
This behavior is in contrast to that of the adsorption of weak polyelectrolyte, which tends to desorb under high ionic strength conditions [39] .
The present results suggest that other hydrophobic interactions between the hexanethiolate part of the GNC monolayers and the polymer play a role in the adsorption process. A possible reason for the increases of GNC adsorption with addition of salt to the PAH solution is the ionic strength dependent conformation of PAH. In a salt-free polymer solution, PAH should be in a rather extended conformation and adsorbed at the surface like a flat pancake due to the repulsive interactions between the charged sites along the polymeric chains. The GNC anions adsorbed primarily at the top of the PAH interface in this case. The conformation of the adsorbed polyelectrolyte is expected to change to a more condensed, coiled conformation as ionic strength was increased because of the effective shielding of the surface charge [40] . Thus, the adsorbed amount of PAH per unit area is expected to be large when ionic strength is high and GNCs not only adsorbed on top of the PAH interface but also diffused into the PAH layer, binding to internal sites of PAH through ion exchange of uncompensated anions, resulting in higher amount of GNCs within these multilayers. 
